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Abstract 
In this paper, a new design for transverse asymmetric head gradient coils is proposed for magnetic 
resonance imaging (MRI). Unlike the conventional coil designs where the x and y coils are placed 
onto separate radial layers, the new design has windings for both the x and y coils in each transverse 
coil layer. The coil performance using the new design was compared with the conventional coils with 
the same dimensions and constraints. The results showed that the new design can improve coil 
performance in terms of a lower inductance, lower resistance and a higher figure of merit. 
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1. Introduction 
In Magnetic Resonance Imaging (MRI) system, gradient coils are used to generate linear gradient 
magnetic fields that are superimposed on a strong uniform magnetic field [1]. The performance of the 
gradient coils can significantly affect the imaging quality and enable new sequences and, 
consequently, gradient coil designs continue to evolve. 
Some recent developments in gradient coil design include multi-layer coils which were proposed to 
spread the coil tracks out onto more coil layers [2]. For a given coil efficiency, this method can 
produce a smaller resistance compared with an actively-shielded two-layer coil, resulting in a 
potentially improved thermal performance. Three-dimensional (3D) gradient coils have been proposed 
that connect the primary coil layer and the shielding coil layer, allowing the current flow directly from 
the primary coil to the shielding coil [3-7]. Under the same constraints as a layered coil, a 3D coil is 
able to increase the wire spacing and reduce the coil inductance and local heating problems [4, 8, 9]. 
However, both the multi-layer and 3D designs can be challenging to fabricate.  
In this work, a novel gradient coil configuration was proposed with the focus on improving the 
electromagnetic performance of the transverse coils. This new design employs a layer-sharing scheme, 
with some sections of the x primary layer distributed to the y coil and vice versa. Compared to 
existing gradient coil configurations/designs, the key advantage of the proposed method lies in its 
higher efficiency in delivering the required magnetic field inside the imaging region (DSV), without 
requiring any extra construction complexity. This advantage can be used to improve other coil 
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properties, such as reducing inductance, resistance, and so on. Numerical simulations on asymmetric 
head coil designs using this method [10-12] were carried out and the coil performances were 
compared with the corresponding conventional coils. 
2. Method 
2.1 Layer-sharing scheme for transverse head coil design 
The proposed work is focused on the improvement of transverse head coils. Fig. 1 shows an example 
of the transverse coils, where (a) and (b) are the actively-shielded x and y coils respectively. In 
general, the coil cylinder is divided into two half-cylinders and every half-cylinder has an appropriate 
fingerprint for the primary coil and shielding coil, respectively. As shown in Fig. 1, there are two gaps 
between the half-cylinders as marked by the angle θ in Fig. 1(c) and (d), where the wire patterns have 
a low density. These are essentially the return paths that do not constructively contribute to the 
gradient field formation in the DSV. In comparison, the wire tracks distributed at the centre of the coil 
in Fig. 1(a) and (b) are much denser and these constructively contribute to the gradient field formation 
in the DSV. 
 
Fig. 1 Conventional actively-shielded asymmetric head gradient coil pattern, (a-b) x and y coils respectively, and (c-d) top 
views of the x and y coils. 
Based on the above observations, we proposed a novel coil design using a layer-sharing scheme. As 
shown in Fig. 2, (a) and (b) are the cross sections of the original x primary coil and y primary coil 
respectively. For our design, the section of the x primary coil (marked as θ) that provides a weak Bz 
magnetic field contribution is allocated to the y gradient coil. Here, the angle θ is defined as the coil 
sharing angle. Similarly, the section of the y primary coil (marked as θ) that provides only a weak Bz 
magnetic field contribution, is allocated to the x gradient coil design. Here we define the remaining 
part of the original primary coil as primary coil 1 and the supplementary part from the other transverse 
coil as primary coil 2. Fig. 2(c) and (d) display the layouts of the novel x and y primary coils. 
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Fig. 2 Novel transverse gradient coils design by a layer sharing scheme: (a) conventional x primary coil, (b) conventional y 
primary coil, (c) novel x primary coil and (d) novel y primary coil. For the novel gradient coil design, each primary coil layer 
includes sections of both the x primary coil and y primary coil. 
2.2 Coil design using the discrete wire method 
The discrete wire method [13, 14] was used for the asymmetric head gradient coil design and the 
quasi-elliptic geometry was used to approximate the coil contours. For the loop optimization, a quasi-
conical geometry base was applied. The deformed geometry may restrict the possible solution space 
compared with commonly-used stream function methods. Nevertheless, here our main focus is to take 
advantage of the fact that the discrete wire method can easily handle the wire spacing, thus reducing 
the local heating problems. It is noted that, in conventional continuous-current density-based methods, 
the final coil pattern is formed by contouring the stream function, which can involves discretization 
errors. In comparison, the discrete wire method directly controls the wire pattern, without any 
potential discretization error in the mapping between stream function and wire contours. 
Fig. 3 shows the structure of the base. The function of the basic geometry is:  
|y|p
A2
+
|z|p
B2
=1,              p≥1        				            					                    (1) 
In which, A=pi
2
 and where a is the radius of the coil cylinder. Here the cylinder is assumed to be 
unwrapped as a plane. When z> z0, B=0.5La - z0 and when z< z0, B= 0.5La + z0. The centre of the basic 
geometry is z0 and La is the coil length. The coil coordinates can be expressed as: 
xc=a cos y
a

y
c
=a sin y
a
                      														             				      											   (2)
zc=z
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For the other half of the head coil, y is replaced with y+pi. 
The height of the geometry base is defined as H. Assuming that the vertical coordinate of the coil 
contour is hi, we here define βi=hi/H. Correspondingly, Ai is βi·A and Bi is βi·B. Thus, the coordinate of 
the coil contour on the unwrapping plane of the coil cylinder is expressed as in Eq. (3) to Eq. (6), and 
the corresponding coordinate on the coil cylinder can be transformed by Eq. (2). 
 
Fig. 3 Illustration of the quasi-conical base where the coil contour are wound on: (a) oblique view, (b) front view and (c) top 
view. 
y=Ai cos
2
pθ
z=z0+Bi sin
2
pθ
0≤θ<
pi
2                            											                    (3)	
y=-Ai cos
2
pθ
z=z0+Bi sin
2
pθ
pi
2 ≤θ<pi                                 		  									             (4) 
y=-Ai cos
2
pθ
z=z0-Bi sin
2
pθ
pi≤θ<
3pi
2                               		   										             (5) 
y=Ai cos
2
pθ
z=z0-Bi sin
2
pθ
3pi
2 ≤θ≤2pi                                												            (6) 
During the optimization, the loop positions were mapped onto the coil cylinder. The integral 
expression of the Biot-Savart law below was used in the magnetic field calculation [15]: 
	Br= µ04pi
Idl×r-l
|r-l|3                        										     	                      (7) 
where µ0 is the vacuum permeability, I is the current, l is the current circuit and r is the magnetic field 
point. 
The target for the optimization is to minimize the function: 
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	f	=norm	BzDSV-BzTarget
+λ·norm	BzShield
																																															(8) 
with the wire spacing being controlled by: 
|i+1-i|≥∆β                																																																					   (9) 
where BzDSV  is the z-component magnetic field over the DSV surface, BzTarget  is the defined target 
magnetic field, BzShield is the magnetic field on the cryostat, λ is the weighting factor, β is the vertical 
height ratio on the quasi-conical base and ∆β is the height ratio difference between the neighbouring 
contours. 
The optimization parameters for the discrete wire method include, the geometry shape (see Fig. 3(c)) 
p [13, 16], the z0 position (see Fig. 3(c)), the β values (see Fig. 3(b)) and current I. 
Both asymmetric x and y head coils were designed in this paper. In the simulated results presented 
below, the target gradient strength was 45 mT/m with a DSV 24 cm; the DSV was shifted 7 cm away 
from the centre. The coil dimensions are summarized in Table I. 
Table I – Dimensions for the asymmetric head gradient coil design 
Item r (m) l (m) 
x primary coil 0.174 0.5 
x shielding coil 0.254 0.5 
y primary coil 0.178 0.5 
y shielding coil 0.258 0.5 
Warm bore wall 0.486 1.46 
Note: r is the coil radius and l is the coil length. The warm bore wall was used for the shielding effect control. 
The function fmincon in Matlab was used for the optimization and the maximum iteration step 50 was 
selected for both the conventional coil design and novel coil design to ensure that the optimization 
solution converges well. For the initial solution, p was 4, z0 was -0.25La, βi was an equal-spaced array 
from 0.03 to 1 and I was 500 A.  
3. Results and discussion 
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Fig. 4 Conventional asymmetric head gradient coils, (a) x primary coil, (b) x shielding coil, (c) 3D x coil, (d) y primary coil, 
(e) y shielding coil and (f) 3D y coil. The DSV is shown in the 3D plot. 
Using the design parameters shown in Table I, a set of transverse asymmetric head gradient coils were 
designed with the conventional approach and the results are presented in Fig. 4. Specifically, Fig. 4(a) 
and (d) show the primary layers, with (b) and (e) being the shielding layers. The weighting factor λ in 
this work was set as 0.2. The DSV was shifted toward the z+ direction by 7 cm. Thus, the distance 
from the coil cylinder end to the DSV edge was 6 cm based on the coil design dimension. The x and y 
coil have similar coil patterns, but reside in different layers. Fig. 4(c) and (f) are the plots of the 3D 
coil patterns. 
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Fig. 5 Novel asymmetric head gradient coils, (a) x primary coil 1 and y primary coil 2, (b) x shielding coil, (c) 3D coil 
(including x primary coil 1, y primary coil 2 and x shielding coil), (d) y primary coil 1 and x primary coil 2, (e) y shielding 
coil and (f) 3D coil (including y primary coil 1, x primary coil 2 and y shielding coil). DSV is shown in the 3D plot. Note 
that the x primary coil 1 and the y primary coil 2 reside in the same coil layer, and the same for the y primary coil 1 and x 
primary coil 2. 
Using the new strategy proposed in this work, a set of transverse asymmetric head coils was designed 
and the results are shown in Fig. 5. Here, the coil sharing angle θ is 22.5o (pi/8 radian). The 22.5 
degree was chosen, based on our simulation studies. A smaller number will result in a densely 
localized wire distribution on the small coil, and larger number will induce a further gradient 
nonlinearity inside the DSV. For each transverse coil, there are two primary coils (coils 1 and 2) and 
one shielding coil. The x primary coil 1 and the y primary coil 2 are plotted together (see Fig. 5(a)), as 
are the y primary coil 1 and x primary coil 2 (see Fig. 5(d)). Considering the 3D coil pattern (Fig. 5(c) 
and (f)), the primary coil 2 is located on the central part of the primary coil 1 for both the x and y coils, 
which accompanies the primary coil 1 to make a magnetic field contribution in the imaging area. The 
x primary coil 1 contains 12 loops with 2 loops in the x primary coil 2, while, for comparison, the 
conventional x primary coil has 16 loops. For the shielding coils, the novel x coil has 4 loops, while 
the conventional x shielding coil has 6 loops. The same conditions are applied to the y coils. 
The optimized parameters of the conventional coils and novel coils are listed in Table II. 
Table II – The optimized coil pattern parameters 
Conventional 
x coil 
Primary 
coil 
Height 
βi 
1 2 3 4 5 6 7 8 
0.0540 0.1089 0.1638 0.2187 0.2736 0.3284 0.3833 0.5366 
Height 
βi 
9 10 11 12 13 14   
0.5916 0.6766 0.7451 0.8259 0.9102 0.9720   
Loop 
centre 
z0 (m) 
-0.150 Power p 2.858      
Shielding 
coil 
Height 
βi 
1 2 3 4 5 6   
0.1943 0.3644 0.4943 0.6283 0.7536 0.8789   
Loop 
centre 
z0 (m) 
-0.027 Power p 2.161 
Current 
I (A) 508.902    
Conventional 
y coil 
Primary 
coil 
Height 
βi 
1 2 3 4 5 6 7 8 
0.0534 0.1070 0.1607 0.2143 0.2680 0.3216 0.3821 0.5169 
Height 
βi 
9 10 11 12 13 14   
0.5919 0.6743 0.7513 0.8267 0.9123 0.9717   
Loop 
centre 
z0 (m) 
-0.150 Power p 2.767      
Shielding 
coil 
Height 
βi 
1 2 3 4 5 6   
0.2321 0.3629 0.4881 0.6139 0.7377 0.8659   
Loop 
centre 
z0 (m) 
-0.027 Power p 2.100 
Current 
I (A) 529.987    
Novel 
x coil 
Primary 
coil 1 
Height 
βi 
1 2 3 4 5 6 7 8 
0.1526 0.2154 0.2781 0.3409 0.4081 0.4961 0.6004 0.6770 
Height 
βi 
9 10 11 12 
Primary 
coil 2 
Height 
αi (m) 
1 2 
0.7803 0.8431 0.9059 0.9686 0.3004 0.8853 
Loop 
centre 
z0 (m) 
-0.150 Power p 1.793  Power p 2.605  
Shielding 
coil 
Height 
βi 
1 2 3 4     
0.2660 0.3914 0.5194 0.6650     
Loop 
centre -0.051 
Power 
p 3.583 
Current 
I (A) 509.390    
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z0 (m) 
Novel 
y coil 
Primary 
coil 1 
Height 
βi 
1 2 3 4 5 6 7 8 
0.1389 0.2004 0.2617 0.3242 0.3874 0.4801 0.6078 0.6994 
Height 
βi 
9 10 11 12 
Primary 
coil 2 
Height 
αi (m) 
1 2 
0.7719 0.8397 0.9033 0.9684 0.3004 0.9166 
Loop 
centre 
z0 (m) 
-0.150 Power p 1.879  Power p 2.524  
Shielding 
coil 
Height 
βi 
1 2 3 4     
0.3099 0.4479 0.5788 0.7528     
Loop 
centre 
z0 (m) 
-0.026 Power p 2.110 
Current 
I (A) 529.999    
 
Table III lists the coil performances of the new design together with the conventional design. For the 
sake of comparison, the current of the proposed gradient coil was adjusted to be similar to that in the 
conventional design by choosing the appropriate numbers of coil windings. To approximate the 
practical coil fabrication, a minimum 1 mm gap was set between wire tracks, the maximum coil track 
width was set to be 2 cm and the coil track thickness was assumed to be 3 mm [17]. Coil resistances 
and inductances were computed using FastHenry [18]. Both the self-inductances and mutual-
inductances including the primary coils and shielding coils were considered for the coil inductance 
calculation. From Table II, it can be seen that the proposed coil design has lower inductances with 
59.49 µH and 58.00 µH for the x and y coils respectively, while the corresponding values of the 
conventional design are 61.21 µH and 61.27 µH. For the resistances, the proposed coil design has 
13.06 mΩ and 12.56 mΩ compared to conventional design with 15.75 mΩ and 15.23 mΩ for the x 
and y coils respectively. An overall performance measure, the figure-of-merit, was also used for the 
coil comparison. This figure-of-merit was defined as η2/L [19], where η is the coil efficiency and L is 
the inductance. The figure of merit of the proposed coil design is 1.3106×10-4 T2/m2/A2/H and 
1.2428×10-4 T2/m2/A2/H for the x and y coils, respectively; these are higher than those of the 
conventional coils with 1.2767×10-4 T2/m2/A2/H and 1.1764×10-4 T2/m2/A2/H. The performance 
improvement with the figure-of-merit is 2.66% and 5.64% for the x and y coils, respectively. Another 
important performance parameter, η2/R [20], is also commonly used in gradient coil performance 
evaluations, where R is the resistance. For the proposed coil design, the η2/R is 5.9701×10-7 with 
5.7389×10-7 for the x and y coils, respectively; for the conventional coils, it is 4.9616×10-7 and 
4.7328×10-7. The respective performance improvements with η2/R are 20.32% and 21.26%. The 
minimum wire spacings for both the conventional coils and novel coils are all larger than 5 mm. The 
novel coil patterns have a lower wire density than the conventional coils. 
Table III – Performances of the conventional asymmetric head gradient coils and the novel asymmetric head gradient coils 
Parameters Conventional 
x coil 
Conventional 
y coil 
Novel 
x coil 
Novel 
y coil 
Loop number (n, primary/shielding) 28/12 28/12 24+4/8 24+4/8 
Current amplitude (A) 508.9 530.0 509.4 530.0 
Efficiency (mT/m/A) 0.0884 0.0849 0.0883 0.0849 
Gradient field non-uniformity (%) 
(DSV 24 cm) 6.33 6.41 7.26 7.07 
Gradient field non-uniformity (%) 
(DSV 20 cm) 4.14 4.74 4.40 4.04 
Maximum stray field strength (Gauss) 3.22 3.64 3.74 3.78 
Inductance (µH) 61.21 61.27 59.49 58.00 
Resistance (mΩ) 15.75 15.23 13.06 12.56 
Magnetic energy (J) 7.93 8.61 7.72 8.15 
Power dissipation (kW) 4.08 4.28 3.39 3.53 
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Figure-of-merit (T2/m2/A2/H) 1.2767×10-4 1.1764×10-4 1.3106×10-4 1.2428×10-4 
η
2/R (T2/m2/A2/Ω) 4.9616×10-7 4.7328×10-7 5.9701×10-7 5.7389×10-7 
Minimum wire spacing (mm) 5.5 5.4 6.3 6.1 
Note: The inductance and resistance were calculated in FastHenry by setting the coil track with a minimum gap 1 mm and 
maximum width 2 cm, with the coil thickness being set as 3 mm. The magnetic energy and power dissipation were 
calculated by 1/2I2L and I2R, respectively. 
 
Fig. 6 Bz field distributions produced by the conventional asymmetric head gradient coils, (a) magnetic field distribution of 
the conventional x coil at the xz section, (b) magnetic field distribution of the conventional x coil at the xy section, (c) 
magnetic field distribution of the conventional y coil at the yz section and (d) magnetic field distribution of the conventional 
y coil at the yx section. The 24 cm DSV (radius 0.12 m), 20 cm DSV (radius 0.10 m) and 5% magnetic field deviation lines 
are marked. 
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Fig. 7 Bz field distributions produced by the novel asymmetric head gradient coils, (a) magnetic field distribution of the 
novel x coil at the xz section, (b) magnetic field distribution of the novel x coil at the xy section, (c) magnetic field 
distribution of the novel y coil at the yz section and (d) magnetic field distribution of the novel y coil at the yx section. The 
24 cm DSV (radius 0.12 m), 20 cm DSV (radius 0.10 m) and 5% magnetic field deviation line were marked. 
The Bz distributions in and around the imaging area for the conventional design are illustrated in Fig. 
6 with the distributions of counterpart novel design being illustrated in Fig. 7. The gradient magnetic 
field non-uniformity evaluation used for the coil designs is expressed as [21, 22]: 
maxBzDSV-Bztarget
maxBztarget       																																																															 (10) 
In a DSV of 24 cm, the gradient magnetic field non-uniformities of the conventional coils are 6.33% 
and 6.41% for the x and y coils respectively, while for the novel coils, they are 7.26% and 7.07%. For 
a smaller sized DSV (20 cm), conventional coils have gradient magnetic field non-uniformities of 
4.14% and 4.74% for the x and y coils respectively, compared to the 4.40% and 4.04% for the novel 
coils. 
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Fig. 8 Bz magnetic field distributions on the cryostat with the conventional asymmetric head gradient coils design and novel 
head gradient coils design: (a) conventional x coil, (b) conventional y coil, (c) novel x coil and (d) novel y coil. 
The z components of the magnetic field distributions on the cryostat for the conventional coil design 
((a) and (b)) and the novel coil design ((c) and (d)) are illustrated in Fig. 8. For the case of producing a 
targeted maximum dB/dz=45 mT/m, the peak magnetic field strengths on the cryostat for the 
conventional coil design are 3.22 Gauss and 3.64 Gauss for the x and y coils respectively. For the 
novel coil design, the maximum magnetic field strengths on the cryostat are 3.74 Gauss and 3.78 
Gauss. 
It is acknowledged that the gradient coils are designed with the focus on the magnetic fields [13, 16] 
(here both field over the DSV and stray field), thus some system parameters such as inductance or 
resistance are not explicitly controlled and could be sub-optimal. To ensure sufficient wire spacing in 
the discrete wire-based design procedure, the field errors (and stray fields) for the proposed coils are 
slightly worse than those of the conventional ones. 
When fabricating a gradient coil, the separate loops should be connected to allow current flowing 
through. Fig. 9 illustrates a connection pattern of the novel x gradient coil, as an example. Only a half 
is shown due to symmetry. The connections among the coil layers were at the end of the coil further 
from the DSV. Fig. 9(a) shows the connecting configuration of the three coil layers and Fig. 9(b) 
shows the local view of the connections at the coil end, where the connecting wires are shown as dash 
lines. The connections are not expected to have any obvious influence on the gradient performance.  
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Fig. 9 Connection configuration of the novel x gradient coil, (a) integrated connection of the three coil layers and (b) local 
view of the connecting part. The connecting wires between the different coil layers were marked. Due to the symmetry, only 
a half-coil is shown here. 
4. Conclusion 
A novel transverse asymmetric head gradient coil design was proposed in this work. By applying a 
layer-sharing scheme, the regions that do not constructively contribute to the gradient magnetic field 
in a transverse gradient coil were supplemented to the other one, and vice versa. In the new design, 
each transverse coil layer contains both the x and y coils.  There are two primary coil layers and one 
shielding layer in each complete transverse coil. Compared with a conventional design, the new 
design has a smaller magnetic energy. For similar efficiencies, the new design has a lower inductance 
and resistance compared with conventional designs. The overall performances evaluated by η2/L are 
improved by 2.66% and 5.64% for the x and y coils, respectively, and for η2/R, the improvements are 
20.32% and 21.26%, respectively.  
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Highlights 
 
a) A novel transverse gradient coil design scheme was proposed. 
b) The novel coil design allows the x and y coils to share coil layers. 
c) Some important coil design parameters were significantly improved. 
 
